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1. INTRODUCTION 
Rapid drawdown of storage water level is a critical design 
mechanism for most reservoirs particularly in situations such 
as post earthquake damage or piping events. Rapid 
drawdown of water levels in reservoirs with earth dams can 
lead to failure of the upstream slope. A number of such 
failures are listed by Morgenstern [8]. 
  
Prior to reservoir drawdown, steady-state seepage conditions 
can be assumed within the dam materials and the hydrostatic 
pressure resulting from the reservoir water helps to partially 
stabilize the upstream dam slope. The reservoir drawdown 
could establish undrained conditions and development of 
excess pore-water pressures that could dissipate with time 
(transient seepage). These scenarios could cause instability 
and consequently lead to failure of the slope. The instability 
of the slope during a reservoir drawdown can be affected by 
a range of factors including drawdown rates, slope 
inclinations and soil properties of earth dam materials [1], 
[2], [7], [8], [11]. Transient seepage and the instability of the 
earth dam slope induced by rapid drawdown can be affected 
by the unsaturated properties of dam materials such as 
hydraulic conductivity functions and unsaturated shear 
strength.  
 
This paper presents the analytical outcomes of an earth dam 
during a drawdown regime. The analysis undertaken 
                                                          
 
considered the effects of the saturated and unsaturated 
properties of dam materials, the saturated hydraulic 
conductivity of the dam embankment soil, and the 
drawdown rate of the reservoir on the upstream slope 
stability of the dam. The influences of pore-water pressures 
or transient seepage on the slope stability were analysed by 
coupling SEEP/W [5] with a stability analysis tool, 
SLOPE/W [6]. The outcomes generated from this analysis 
could form the basis for determining a safe drawdown rate 
and a safe drawdown level for some Queensland earth dams.  
2. MODEL DAM AND MATERIAL PROPERTIES 
The dam configuration shown in Fig. 1 and material 
properties listed in Table 1 were used in this study. The 
dimensions, material zones and soil properties of the dam 
cross section were chosen to be generic representatives of 
existing earth dams in Queensland, Australia. For this, 
geometries and material properties of a range of earth dams 
were studied based on the data provided by the Queensland 
Bulk Water Supply Authority (Seqwater); the dam owner in 
South East Queensland. 
 
Apart from basic geometry and material properties, the soil 
water characteristic curves (SWCCs) form a critical part in 
the analysis of the earth dam with unsaturated material 
conditions. Since the measured SWCCs for the dam 
materials were not available, SWCCs (see in Fig. 2) assigned 
for the clay core, embankment soil and sand filter were 
estimated from their grain-size data [4]. 
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Fig. 2. SWCCs for dam materials 
 
 
3. MODELLING AND ANALYSIS 
The analysis undertaken includes transient seepage analysis 
to determine pore-water pressures during drawdown and 
stability analysis of the upstream dam slope. Both analyses 
were conducted in automatic coupled mode. For the analysis, 
each material zone was assumed to be homogeneous and 
isotropic. 
 
 
3.1 Seepage Analysis 
The finite element (FE) method available in SEEP/W was 
employed to simulate 2-D steady-state and transient seepage 
in the earth dam before and during the rapid drawdown, 
respectively. This program solves the general governing 
differential equation for two-dimensional seepage shown in 
Eq. (1) using FE method. 
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where H = total head, kx = hydraulic conductivity in the x-
direction; ky = hydraulic conductivity in y-direction; Q = 
applied boundary flux; θ = volumetric water content; and t = 
time.  
 
The FE mesh shown in Fig. 3 was used to replicate the dam 
structure. The mesh was defined as an unstructured pattern 
of quadrilateral and triangular elements with 3 and 4 nodes 
respectively. Prior to drawdown simulation, the dam was 
analysed for steady-state seepage conditions, assuming the 
reservoir water level at the dam crest (elevation of 25.4 m) is 
a critical situation. For this, the boundaries ABC and DE in 
Fig. 3 were defined as constant total head boundaries with 
the values of 25.4 m and 9.2 m respectively. The 
corresponding saturated hydraulic conductivity values 
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Fig. 1. Geometry and material zones of the earth dam 
 
Table 1. Properties of the earth dam materials 
Material properties Symbol Unit 
Value 
Clay core  Embankment Sand filter  Foundation 
Saturated hydraulic conductivity ksat  m/sec 1.2x10
-10 
3x10
-7
 4.9x10
-3
 3.9x10
-6
 
Saturated unit weight γsat kN/m
3 
20 20.5 20.5 19.2 
Effective cohesion c' kPa
 
7 18 0 21 
Effective friction angle υ' degree 29 30.8 34 32.3 
Volume compressibility coefficient Mv m
2
/kN 18x10
-5 
12 x10
-6
 0 12x10
-6
 
Volumetric  water content θw m
3
/m
3 
0.4 0.35 0.31 0.33 
Diameter at 10% passing on  
a grain–size curve 
D10 mm 0 0.06 0.3 0.05 
Diameter at 30% passing on  
a grain–size curve 
D30 mm 0.004 0.6 1 0.5 
Diameter at 60% passing on  
a grain–size curve 
D60 mm 0.07 0.8 1.6 1.2 
Liquid limit LL percent 51 30 0 31 
Plastic limit PL percent 20 16 0 13 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Geometry and material zones of the earth dam 
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tabulated in Table 1 were assigned for the defined material 
zones in the dam. 
 
Outcomes of the steady-state seepage analysis were then 
used to define the initial pore-water pressure distribution for 
the transient seepage analysis. To simulate the reservoir 
drawdown numerically, the upstream boundary (ABC) 
condition was defined by a total head function. This type of 
boundary will allow the user to define the change in total 
head as a function of time. For transient seepage analysis, 
the total head of the upstream boundary was decreased 
linearly from 25.4 m to 9.2 m at different rates of the 
reservoir drawdown. During the drawdown, the conditions 
of the dam materials could change from saturated to 
unsaturated and thereafter the saturated hydraulic 
conductivity of each dam material should be defined as a 
function of suction. Since the laboratory measured hydraulic 
conductivity functions of the dam materials were not 
available, Fredlund and Xing’s method [3] was used to 
estimate the hydraulic conductivity function of each material 
using its SWCC and saturated hydraulic conductivity. The 
transient seepage analysis of the dam during reservoir 
drawdown will give the variation of pore-water pressures 
with drawdown time throughout the FE mesh. 
 
3.2 Stability Analysis 
To analyse the stability of upstream slope of the dam during 
drawdown, the GLE method available in SLOPE/W was 
employed. In this study, the entry (DEFG) and exit (ABC) 
method was used to define trial failure surfaces (as shown in 
Fig. 4) for each simulation scenario. The software analyses 
all the trial surfaces to obtain a critical surface with a 
minimum safety factor for each drawdown scenario. 
 
Since the drawdown of reservoir produces unsaturated 
conditions in the dam materials such as clay core, 
embankment and sand filter, the unsaturated shear strengths 
of the materials were taken into account. In this analysis, Eq. 
(2) proposed by Vanapalli et al. [10] was used to estimate 
the unsaturated shear strength of the materials. Therein, 
effective shear strength parameters and SWCCs were needed 
to estimate the unsaturated shear strength of the materials.  
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where τ = shear strength of saturated/unsaturated soil; c’= 
effective cohesion of unsaturated soil; σn = total normal 
stress on the failure plane of the soil; υ’ = effective friction 
angle; (ua–uw) = matric suction in the failure plane of the 
soil; ua = pore-air pressure in unsaturated soil; uw = pore-
water pressure; θw = volumetric water content; θs = saturated 
volumetric water content; and θr = residual volumetric water 
content which can be assumed to be equal to 10% of θs. 
 
In this study, pore-water pressure changes obtained from the 
transient seepage analysis were used for the stability analysis 
of the upstream dam slope at different stages of drawdown.  
  
4. RESULTS AND DISCUSSIONS 
4.1 Effects of Saturated Hydraulic Conductivity of 
Embankment Soil on the Slope Stability 
To investigate the effects of saturated hydraulic conductivity 
(ksat) of embankment soil on the stability of the upstream 
dam slope in terms of safety factor (FOS), the analysis 
Fig. 3. Finite element mesh of the earth dam used in SEEP/W 
 
 
 
Fig. 4. Model dam and some of trial failure surfaces used in stability analysis in SLOPE/W 
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described in section 3 was repeated for different ksat values 
of embankment soil (e.g., 3x10
-3
, 3x10
-5
, 3x10
-7
, 3x10
-9
 m/s).
 
For this, the reservoir drawdown rate of 1 m/day was used. It 
is reported that the common range of drawdown rate is from 
0.5 to 1 m/day in dam engineering applications [9]. The 
SWCCs of the dam materials were used for the entire 
analyses. The results of the analyses are shown in Fig. 5. 
 
 
 
Fig. 5. Variation of FOS of upstream dam slope with 
reservoir drawdown and unsaturated soils. 
 
 
As shown in Fig. 5, for a given ksat of embankment soil, the 
FOS of the upstream slope of the earth dam decreases with 
the reservoir drawdown and reaches the lowest value when 
the reservoir is lowered about 1/2 to 2/3 of the adopted 
drawdown regime (16.2 m). The removal of the balancing 
hydraulic forces acting on the upstream slope due to the 
reservoir drawdown is the main reason for a decrease in the 
FOS of the slope. The temporary undrained condition within 
the dam created by the drawdown leads to a decrease in the 
shear strengths of the dam materials which, in turn, cause the 
FOS of the slope to decrease. As shown in Eq. (2), an 
increase in pore-water pressures causes a decrease in the 
shear strengths of the dam materials. The FOS of the slope 
increases slowly from its minimum value as the reservoir 
water is further drawn. When the reservoir level is reduced 
from 1/2 to 2/3 to the end of the drawdown regime, the shear 
strengths of the dam materials increase due to the pore-water 
dissipation. This has positive effects on the stability of the 
slope.  
 
Saturated hydraulic conductivity (ksat) of the embankment 
soil exerts a significant influence on the upstream slope 
stability during reservoir drawdown. It can be seen from Fig. 
5 that during the early stages of drawdown (0 to 1/4 of 
drawdown regime) the upstream slope of the dam 
embankment constructed with low ksat soil is more stable 
than that constructed with high ksat soil. However, as the 
reservoir level decreases further, this behaviour changes by 
making the high ksat embankment soil more stable than the 
low ksat embankment soil. It was noted that the saturated 
zone (area below the phreatic surface) under the steady–state 
seepage conditions is larger for the high ksat embankment 
soil than the low ksat soil. Since a high ksat embankment soil 
allows water to penetrate deeper into the dam, the production 
of a larger saturated zone would be the primary reason for 
having the low FOS during the early stages of drawdown for 
the high ksat embankment soil. The pore-water pressures in a 
smaller saturated area within the low ksat soil may dissipate 
faster than that of a larger saturated area within the high ksat 
soil and so an embankment slope with less excess pore-water 
pressures is more stable than that with more excess pore-
water pressure or a larger saturated area. When the reservoir 
water level is decreased further (about 1/4 to the end of the 
drawdown regime), the difference between the areas of the 
saturated zone within the dam constructed with the low ksat 
embankment soil and that within the high ksat soil is of no 
consequence. Also, the pore-water pressure within the high 
ksat embankment soil can dissipate faster than that within the 
low ksat soil. As a result, at the given drawdown level, the 
shear strength of the high ksat soil is larger than that of the 
low ksat soil. 
 
In this study, the effects of using saturated and unsaturated 
shear strength properties for the stability of the upstream 
slope during rapid drawdown of the reservoir were 
investigated. The pore-water pressures obtained from the 
transient seepage analyses conducted at the reservoir 
drawdown rate of 1m/day for different saturated hydraulic 
conductivity values of the embankment soil (e.g., 3x10
-3
 and 
3x10
-7
 m/s) were used for stability analysis with saturated 
shear strength (τsat) and unsaturated shear strength (τunsat) 
properties of dam materials. Hydraulic conductivity 
functions and SWCCs were not considered for the 
calculations of saturated shear strengths of the dam 
materials. 
 
 
 
Fig. 6. Variation of FOS of upstream dam slope with 
unsaturated and saturated soils. 
 
 
The results shown in Fig. 6 depict that the trend of the FOS 
variation of the upstream dam slope with saturated shear 
strength is similar to that observed for the dam materials 
with unsaturated shear strength. During the drawdown, the 
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slope stability calculated using saturated shear strength is 
slightly higher than that calculated using unsaturated shear 
strength. It is noted that the saturated (wetting) zone under 
the steady–state seepage is larger in the dam with 
unsaturated materials than that with saturated soils. Since the 
unsaturated materials allow water to penetrate deeper into 
the dam due to soil suction, the production of a larger 
wetting zone would be a primary reason for having the low 
FOS for the dam with unsaturated materials. The pore-water 
pressures in a smaller wetting zone within the dam with 
saturated materials may dissipate faster than that in a larger 
wetting zone within the unsaturated dam materials and so a 
dam with low pore-water pressures or smaller wetting zone 
is more stable than that with high pore-water pressures and 
larger wetting area. As a result, the upstream slope of 
saturated dam materials is more stable than that of 
unsaturated dam. However, it is noted that defining saturated 
conditions for the dam materials may lead to inaccurate 
results. In the real situation earth dam materials such as clay 
core, embankment and sand filter are not fully saturated even 
though the reservoir level is level to the dam crest. 
 
4.2 Effects of Drawdown Rate on the Slope Stability 
To investigate the effects of drawdown rate (R) on the 
stability of the upstream slope during the reservoir 
drawdown, the method of analysis described in section 3 was 
repeated for various drawdown rates (e.g., 8 m/day, 6 m/day 
2 m/day and 0.5 m/day). The results of the analysis are 
shown in Fig. 7. 
 
 
 
Fig. 7. Variation of FOS of upstream dam slope with 
different drawdown rates 
 
 
As shown in Fig. 7, the FOS of the upstream slope of the 
dam increases as the drawdown rate decreases. The low 
drawdown rate allows more time for the pore-water pressure 
dissipation from the saturated zone within the dam. 
According to Eq. (2), the dissipation of pore-water pressure 
increases the shear strength of the dam materials. The pore-
water pressure within the materials can reduce to a negative 
value (suction) during the dissipation process, and 
consequently the slope stability increases. By contrast, the 
higher drawdown rate or rapid drawdown (e.g., 8 m/day) 
will not allow enough time for pore-water pressure 
dissipation. Therefore, the shear strength increase of the dam 
materials subjected to a higher drawdown rate is less than 
that of the materials at a lower drawdown rate.  
 
5. CONCLUSION 
The effects of saturated hydraulic conductivity of 
embankment soil and the drawdown rate of the reservoir on 
the stability of the upstream slope of an earth dam subjected 
to reservoir drawdown were investigated incorporating 
unsaturated soil properties. The following conclusions were 
drawn from this analysis: 
  
 Stability (FOS) of the upstream slope of an earth dam 
decreases with the drawdown of the reservoir and 
reaches the minimum FOS at a reservoir water level of 
about 2/3 of the total drawdown height. Further decrease 
in the reservoir water level induces a gradual increase in 
the FOS of the upstream slope. 
 During the drawdown of reservoir, the upstream slope of 
the earth dam constructed with highly permeable 
embankment soil is more stable than that of the dam with 
low permeable embankment soil. 
 A low rate of reservoir drawdown increases the stability 
of the upstream slope of the earth dam. 
 Throughout the drawdown regime, the stability of the 
upstream slope calculated using the saturated shear 
strength of the dam materials is slightly higher than that 
calculated using unsaturated shear strength. 
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